Introduction {#s1}
============

During mitosis, faithful distribution of chromosomes to newly forming daughter cells necessitates careful coordination of multiple processes such as entry into mitosis, spindle assembly, chromosome segregation and cytokinesis. Polo like kinases (Plks) are emerging as key regulators of essential cell cycle events and have garnered a lot of attention [@pone.0070843-Barr1], [@pone.0070843-Glover1], [@pone.0070843-vandeWeerdt1].

Plks belong to serine/threonine kinase family, originally identified from a mitotic mutant of *Drosophila melanogaster* and was named "POLO" due to the presence of abnormal spindle poles [@pone.0070843-Llamazares1], [@pone.0070843-Sunkel1]. Plks are highly conserved from baker\'s yeasts to humans with specific and dynamic roles throughout cell-cycle process [@pone.0070843-Donaldson1], [@pone.0070843-Glover2], [@pone.0070843-Hamanaka1], [@pone.0070843-Nigg1]. Plk1 localizes to the cytoplasm and centrosome during interphase and concentrates to kinetochores and the cytokinesis bridge during cell division. Thus this protein has major functions in centrosome maturation, mitotic entry, and cytokinesis [@pone.0070843-Archambault1], [@pone.0070843-Takaki1]. Plk1 has also emerged as a novel modulator of DNA damage checkpoints, where it maintains genomic stability during DNA replication [@pone.0070843-Takaki1].

In mammals, the Plk family is comprised of four members (Plk1, Plk2/Snk, Plk3/Prk/Fnk and Plk4/Sak1) [@pone.0070843-Pellegrino1]. All Plks contain an N-terminal Ser/Thr kinase catalytic domain and a C-terminal region containing two conserved POLO-Box regions (PBDI; 411--489 AA and PBDII; 511--592 AA); however, they share only 12% sequence identity [@pone.0070843-Archambault1]. Polo box domain (PBD) of Plk1 plays a unique role in subcellular localization and recruitment of substrates through coordinating the binding affinity and specificity of kinase-substrate interactions [@pone.0070843-Cheng1], [@pone.0070843-Elia1]. The analysis of Plk1 KD and PBD has suggested that these domains contribute in transient interactions intramolecularly and inhibit each other. Specialized recognition of PBD to ligand(s) in a phosphorylation-dependent manner releases the KD and relieves this inhibitory interaction [@pone.0070843-Kang1], [@pone.0070843-Lowery1], [@pone.0070843-Neef1]. Hence PBD serves as an essential molecular mediator to regulate localization and substrate selectivity in time and space.

Despite the significant and pleiotropic functions of Plk1 in coordinating cell-cycle progression, surprisingly only few specific targets are known which are uniquely phosphorylated by Plks. In order to explore Plk1-related cascade of molecular events, understanding of possible links between potential phosphorylation sites and subsequent interacting proteins is crucial [@pone.0070843-Archambault1], [@pone.0070843-Archambault2], [@pone.0070843-Snead1]. Thus, linking a certain kinase with particular phosphorylation events remains intricate and elucidation of kinase-substrate relationships is vital in understanding the intracellular signal transduction and cellular physiology.

Even though the well known contributions of Plk1 in mitotic processes and extensive identification of mitotic targets including Cdc25C [@pone.0070843-ToyoshimaMorimoto1], Brca2 [@pone.0070843-Lin1], Nlp [@pone.0070843-Casenghi1], TCTP [@pone.0070843-Yarm1], MKlp1 [@pone.0070843-Lee1], [@pone.0070843-Liu1], Myt1 [@pone.0070843-Nakajima1], Cyclin B [@pone.0070843-ToyoshimaMorimoto1], [@pone.0070843-Jackman1], NudC [@pone.0070843-Zhou1], MKlp2 [@pone.0070843-Neef1], Grasp65 [@pone.0070843-Lin2], [@pone.0070843-Sutterlin1] and Wee1 [@pone.0070843-Sakchaisri1], [@pone.0070843-Watanabe1], only a few of them contain specific PBD binding and kinase phosphorylation motifs for Plk1. For example, Cdc25C, Brca2, MKlp2, Grasp65, Wee1, and Myt1 are also phosphorylation targets of Cdk1 [@pone.0070843-Lowery1]. Similarly, NudC, cyclin B, and TCTP are phosphorylated by mitotic kinases other than Plk1 [@pone.0070843-Cheng1] and many substrates identified through tracking of PBD-binding sites lack putative phosphorylation motifs [@pone.0070843-Sharan1]. These data suggest that knowledge of Plk1 targets based on the consensus site information for the PBD recognition and kinase specific phosphorylation motifs is incomplete. Moreover, only a small number of substrate candidates have been structurally validated so far [@pone.0070843-Nigg1]. Hence, mapping of targets in terms of their involvement in precise cell-cycle phase remains important to address their unique roles in cellular events.

Here, in an effort to identify Plk1-based novel PTM targets involved in cancer phenotype and cell-cycle progression, we have merged *in silico* sequence and structure-based approaches. Our findings are intended for pathway elucidation by focusing the underlying kinase-substrate relationships leading to cancer diagnosis and effective target-directed therapeutics.

Methods {#s2}
=======

Identification of putative phosphorylation targets of Plk1 {#s2a}
----------------------------------------------------------

Compilation of phosphorylation site consensus motif is a contemporary strategy to predict novel PTMs target of a particular kinase. Target proteins that hold an instance of a given kinase specific consensus motif are predicted to be substrates of that kinase. In this context linear motif searching is the most simple and currently a widely used approach. In an attempt to identify novel substrates for Plk1, initially we assessed the adequacy of consensus phosphorylation motif **\[E/D\]X\[pS/pT\]\[I/L/V/M\]X\[E\]** for Plk1 KD [@pone.0070843-Nakajima1], which was shared by a majority of Plk1 substrates. Sequence based computational tool such as BLAST (Basic Local Alignment Search Tool) [@pone.0070843-Altschul1] was employed to search the short peptide motifs against non redundant set of known human proteins (All non-redundant GenBank CDS translations +PDB +Swissprot +PIR +PRF) with the following parameters: number of sequences: 23618720, expected threshold value: 10, word size: 3, scoring matrix: BLOSUM62, gap existence penalty: 11 and gap extension penalty: 1. Identified hits were ranked according to the similarity with original motif.

Screening of Plk1 specific substrates {#s2b}
-------------------------------------

Series of filters were applied to these hits in order to search for Plk1 candidate substrates and to avoid the chance of false positive results. The set of filters integrated: (i) incidence of Plk1 phosphorylation motif. (ii) 80% identity with the **\[E/D\]X\[pS/pT\]\[I/L/V/M\]X\[E\]** consensus phosphorylation motif: putative substrate hits exhibiting more than 80% identity were selected. (iii) Gene Ontology (GO) [@pone.0070843-Ashburner1]: proteins were clustered on the basis of their involvements in common biological processes, molecular functions and cellular component localization. Subsequently, statistical significance of hit-rate was computed as the probability *P* to observe the by chance occurrence of each cluster.

Where, (*N*) is the total number of annotated proteins in a non redundant human protein data set (NCBI nr), (n) denotes the number of annotated proteins in a given cluster, (*k*) is the number of proteins out of *n* proteins in the cluster, annotated on the basis of gene ontology (GO), (*K*) represents the number of proteins out of *N* proteins, annotated for the function, complex or pathway of interest [@pone.0070843-Sharan1], [@pone.0070843-Milenkovic1]. All enrichments with *p*-values \>0.1 were discarded from further analysis. (iv) Resulting hits were evaluated for priming phosphorylation and PBD binding capabilities on the basis of presence of Plk1 PBD recognition consensus motif \[**S-(pT/pS)-(P/X)**\]. (v) Selected protein clusters were then filtered out on the basis of their functional contributions in cell-cycle process and carcinogenesis. Individual cell cycle phase specific contributions of candidate proteins were determined using functional annotation (GO term, Reactome Plugin of Cytoscape 2.8.3 and KEGG pathway enrichment) and cluster analysis. For cancer specific roles, Reactome Functional Interaction cancer gene index was loaded to identify the putative cancer associated clusters from the candidate clusters of cell cycle. Protein interaction network mapping analysis and visualization were performed using Cytoscape 2.8.3 (<http://www.cytoscape.org>). Subsequently, Netphos 2.0 [@pone.0070843-Blom1], GPS [@pone.0070843-Zhou2], phospho.ELM database [@pone.0070843-Diella1] and HPRD (<http://www.hprd.org/PhosphoMotif_finder>) were used to compare and verify the predicted phosphorylation and binding sites in the selected targets.

3D structure modeling of putative Plk1 substrates and KD {#s2c}
--------------------------------------------------------

Putative substrates isolated by the above-mentioned filters were selected for protein modeling analysis. Homology modeling and *ab initio* structure prediction approaches were employed to predict the models for candidate proteins (in case of proteins lacking experimentally determined PDB structures). Primary protein sequences for 18 selected (both known and novel) substrate candidates (encompassing Plk1-PBD recognition and kinase phosphorylation motifs) and Plk1-KD were retrieved through Ensemble genome browser [@pone.0070843-Hubbard1] and subjected to BLAST search against PDB (Protein Data Bank) database for suitable template search. 3D structures for the candidate proteins having good template (100--150 aa encompassing Plk1 kinase phosphorylation and PBD binding motif) were determined by Modeller9V8 tool [@pone.0070843-Sali1], using homology modeling approach. For proteins lacking a good template, 3D structures were predicted through I-TASSER [@pone.0070843-Zhang1] and Muster [@pone.0070843-Wu1] servers, using *ab-initio* approach. Subsequently, Ramachandran plot, PROCHECK, ERRAT [@pone.0070843-Colovos1], VERIFY 3D [@pone.0070843-Eisenberg1], and WHAT IF [@pone.0070843-Vriend1] tools were utilized to validate the predicted 3D models, followed by model refinements, editing (phosphorylation) and geometry optimizations using WinCoot [@pone.0070843-Emsley1], UCSF Chimera 1.7.0 [@pone.0070843-Meng1] and VEGA ZZ (<http://www.ddl.unimi.it>) tools.

Molecular docking analysis {#s2d}
--------------------------

Modeled peptides for highly ranked hits (putative novel and three known Plk1 substrates including CEP10, KIF23 and BRCA2) were docked against polo box and kinase domains of Plk1 using automated molecular docking tool AutoDock 4.0 [@pone.0070843-Morris1], HADDOCK [@pone.0070843-Dominguez1] and flexible protein-protein docking server named as SwarmDock [@pone.0070843-Torchala1]. 3D structures of Plk1-KD and PBD (PDB ID: 1Q4K) were used as the receptors for performing dockings against the 13 chosen substrate hits (SMARCAD1, ZNF791, GSG2, NUP35, NEK5, MARK1, HUS1B, SIK2, TOP3B, MARK4, KIF23, CEP170 and BRCA2). Briefly, polar hydrogen atoms were added and kollman charges were assigned for ligands and all torsions were set free to rotate in order to perform docking experiments with a rigid receptor and flexible ligands. Annealing parameters for hydrogen bonding and Van der Waals interactions were set to 4.0 Å and 2.5 Å. A grid map of 80×80×80 points with a spacing of 0.875 Å was set on the whole protein structure to generate the grid map. The number of runs for each docking experiment was set to 100. The empirical free energy function and Lamarckian genetic algorithm (LGA) were applied with the following parameters: population of 150 randomly placed individuals, a maximum number of 27,000 generations, a mutation rate of 0.02, a crossover rate of 0.80 and number of energy evaluations was 2.5×10^6^, the remaining docking parameters were set to default. The program automatically grouped potential receptor-ligand complex conformations into clusters based on their RMSD, using the default threshold (2.0 Å RMSD). The best docked complex for each ligand was selected and interactions were monitored using DIMPLOT [@pone.0070843-Wallace1].

Molecular dynamic simulations {#s2e}
-----------------------------

Molecular dynamic (MD) simulations of the four best docked Plk1-substrate complexes (Plk1-SMARCAD1, Plk1-NEK5, Plk1-NUP35, and Plk1-GSG2) were performed to evaluate the stability, folding, conformational changes and dynamic behavior of interacting proteins. All MD simulations were performed using Amber03 force field using GROMACS 4.5 package [@pone.0070843-Duan1], running on high performance OpenSuse linux system. During MD simulations, all the systems were solvated using TIP4P [@pone.0070843-Zlenko1] water model in a periodic box, followed by addition of Na^+^ and Cl^−^ counter ions to neutralize the systems. Before MD simulations, energy minimization (steepest descent algorithm for 500 steps) was performed by tolerance of 1000 kJ/mol Å^2^ to remove initial steric clashes. The energy minimized systems were treated for 1000 ps equilibration run under pressure and temperature conditions to relax the systems. Finally, MD simulations were run for 20 ns time scale under constant temperature (300 K) and pressure (1 atm). PME (Particle Mesh Ewald) algorithm was used in all calculations to dissect electrostatic interactions. Snapshots were collected throughout the MD simulations of each system and PDBs were generated for 5, 10, 15 and 20 ns intervals to investigate the time-dependent behavior and stability of each system. VMD [@pone.0070843-Humphrey1], PyMol (<http://www.pymol.org>) and GROMACS tools were used to analyze the stability and behavior of each system.

Results {#s3}
=======

Identification of novel Plk1 specific substrates {#s3a}
------------------------------------------------

In order to identify novel substrate candidates for Plk1, we developed a filtering approach to increase the specificity of our predictions by integrating multiple types of relative data sets including percent identity, clustering analysis GO (Gene Ontology) database, subcellular localization, presence of kinase phosphorylation and PBD recognition motif and role in cancer ([Figure 1](#pone-0070843-g001){ref-type="fig"}). We focused our analysis on cell-cycle proteins playing unique roles in distinct cell-cycle phases with well-defined contributions in multiple cancer types.

![Schematic illustration of strategy.\
(a) Plk1 candidates substrates were selected on the basis of series of filters applied to human proteome including, presence of Plk1 specific phosphorylation motif at sequence level, minimum 80% identity, clustering on the basis of biological process, cellular localization and molecular function, presence of PBD recognition motif, common cell-cycle localization and role in cancer. (b) Scheme depicting different structure-based techniques used for the validation of putative hits obtained from sequence-based approaches.](pone.0070843.g001){#pone-0070843-g001}

Protein Basic Local Alignment Search Tool (BLAST) was used to determine the Plk1kinase specific consensus motif **(\[E/D\]X\[pS/pT\]\[I/L/V/M\]X\[E\])** against the non redundant set of human proteome. In total, 4,521 protein hits were attained as a result of local alignment of residues adjacent to the consensus motif phosphorylation site. At this level, filter was applied to restrict our analysis to the candidates having greater than 80% similarity to query consensus motif. By this threshold, the number of potential candidates was reduced to 906. These 906 candidate hits were further categorized on the basis of their involvement in biological process, cellular location and molecular function by GO term and resulting in 28 clusters ([Table S1](#pone.0070843.s006){ref-type="supplementary-material"}). To get rid of redundancy, clusters were carefully investigated and refined on the basis of statistical significance and hit rate (*ρ-*value) analysis [@pone.0070843-Ashburner1], [@pone.0070843-Milenkovic1]. The resulting protein clusters (482 proteins) were comprehensively explored for the presence of an optimal PBD recognition motif **S-\[pS/pT\]-\[P/X\]** [@pone.0070843-Elia1]. This motif was found amongst 48.7% of the short listed proteins. In total, we identified 8 clusters comprising 235 well known and novel targets of Plk1 ([Figure 2](#pone-0070843-g002){ref-type="fig"}). By increasing the specificity directed analyses, we confined our study to cell cycle proteome and focused only on proteins which retain extensive roles in cell-cycle process and cancer.

![Gene network clusters enriched in cancer and cell-cycle related nodes.\
Red nodes represent proteins involved in cancer and cell-cycle, yellow are known Plk1 substrates, while green nodes represent targets having no known contributions in cancer. The blue nodes are proteins selected for structural validation in this study. Green and red lines represent protein network edges.](pone.0070843.g002){#pone-0070843-g002}

We intersected 8 clusters on the basis of overlapping subsets and short listed 70 functionally annotated hits meeting the stringent criteria as listed in [Figure 1a](#pone-0070843-g001){ref-type="fig"}. These reputed hits were categorized in cell-cycle phase-dependent manner regarding the particular biological milieu of Plk1. Using Cytoscape tool; subnetworks were constructed for G1, S, G2/M, cytokinesis and checkpoints with cancer association to investigate the additional functions of Plk1 ([Figure 3](#pone-0070843-g003){ref-type="fig"}). Subsequently, Human protein Atlas (<http://www.proteinatlas.org>), CanProVar (<http://bioinfo.vanderbilt.edu/canprovar>), CanSar (<https://cansar.icr.ac.uk>) and COSMIC (<http://www.sanger.ac.uk/genetics/CGP/cosmic>) resources were used to substantiate and cross check the functions of preferred candidate proteins in a range of cancer types.

![Plk1-dependent substrates.\
(a) Cell-cycle diagram depicting proteins sorted out through sequence based approach having Plk1 phosphorylation motif. Proteins are classified according to function and localization. Known Plk1 substrates are shown in red and novel putative substrates are shown in black. Red nodes indicate cell-cycle checkpoints. (b) Protein interaction analysis and interaction map in cell-cycle localized clusters (G1 and S, G2 and M, checkpoints, cytokinesis). Node color indicates the specific localization and other distinguishing features. In G1 and S phases, green nodes are G1 specific proteins and red nodes represent proteins involved in both G1 and S. In G2 and M phases, green nodes are both G2 and M specific and predicted as novel substrates in our study, red nodes are known Plk1 substrates and dark blue nodes are substrates shared by other kinesis. In checkpoints interaction map, red nodes represent G2/M specific checkpoints and green nodes are G1/S checkpoints. In cytokinesis interaction map, pink nodes are known Plk1 substrates. Blues lines delineate direct interactions, green lines represents co-expression, brown lines delineate shared protein domain.](pone.0070843.g003){#pone-0070843-g003}

Later, by using phosphorylation site prediction tools, including Netphos [@pone.0070843-Blom1], GPS [@pone.0070843-Zhou2], phospho.ELM database [@pone.0070843-Diella1] and HPRD (<http://www.hprd.org/PhosphoMotif_finder>), we further validated the prediction accuracy. Generally, evolutionary conserved sequences tend to be functionally important and to find these conserved elements, multiple sequence alignments (MSAs) (known and novel targets) were generated by ClustalW ([Figure 4](#pone-0070843-g004){ref-type="fig"}) [@pone.0070843-Larkin1].

![Multiple sequence alignment (MSA), secondary and tertiary structures of four selected Plk1 specific substrates.\
(a) SMARCAD1, (b) GSG2, (c) NUP35, (d) NEK5, (e) KIF23 and (f) CEP170. MSA illustrates the conservation pattern of predicted PBD recognition and kinase phosphorylation motifs across close homologues of selected proteins (a--d). Secondary structure for each substrate was predicted by JPred as shown below the alignments Tertiary structures of (a--f) substrates are shown in cornflower blue ribbon-form, phosphorylation motifs are shown in yellow, PBD recognition motifs are shown in pink.](pone.0070843.g004){#pone-0070843-g004}

Structure-based approaches {#s3b}
--------------------------

To monitor conservation at secondary structure level, structure prediction was carried out by PSIpred server [@pone.0070843-McGuffin1] ([Figure 4](#pone-0070843-g004){ref-type="fig"}). Secondary structure analysis for these substrates revealed the presence of abundant phosphorylation and PBD recognition motifs in the loop regions, which are generally easily accessible to the kinases for substrate binding and phosphorylation [@pone.0070843-Neduva1]. To substantiate our sequence-based screening results, candidate substrates including SMARCAD1, ZNF791, GSG2, NUP35, NEK5, MARK1, HUS1B, SIK2, TOP3B and MARK4 from each sub-network were randomly selected and subjected to multi-scale structure-based studies ([Figure 1b](#pone-0070843-g001){ref-type="fig"}). Additionally, three known Plk1 substrates KIF23 (also known as MKLP1) [@pone.0070843-Liu1], CEP170 [@pone.0070843-Guarguaglini1] and BRCA2 [@pone.0070843-Lin1] were used for monitoring the accuracy of our strategy. 3D models of Plk1-KD and mentioned proteins were predicted using homology modeling and *ab-initio* structure prediction approaches. The models were refined and characterized by online structure analysis tools. Ramachandran plot indicated that approximately 95% residues of all the models lie in allowed regions. Moreover, parameters like peptide bond planarity, non-bonded interactions, Cα tetrahedral distortion, main chain H-bond energy and overall G factor for the modeled structures lie within favorable range. Errat measures the overall quality factor for non-bonded atomic interactions and an accepted range of above 50 is considered for a high quality model. In our case, Errat (ver. 2) scores were within the range of 82--95% ([Table S2](#pone.0070843.s007){ref-type="supplementary-material"}). These data indicated that our predicted structures are of good quality and can be used for structure-activity studies. Subsequently, their phosphorylation and PBD recognition signatures were estimated at structure level as shown for the representative candidate subsets ([Figure 4:](#pone-0070843-g004){ref-type="fig"} (a) SMARCAD1, (b) GSG2, (c) NUP35, (d) NEK5, (e) KIF23 and (f) CEP170). Phosphopeptides were generated by adding a phosphate group to respective residue of binding motif through UCSF Chimera 1.7.0 followed by energy minimization through VEGA ZZ tool using genetic algorithm. The coordinate files for the predicted structures of Plk1-KD and its substrate candidates have been submitted in Protein Model Database (<http://mi.caspur.it/PMDB/>) with following IDs: PM0079081 (human Plk1-KD); PM0078966 (SMARCAD1); PM0078956 (NUP35); PM0078970 (GSG2); PM0078958 (NEK5); PM0078969 (CEP170) and PM0078965 (KIF23).

Phosphopeptide binding and conformational alterations {#s3c}
-----------------------------------------------------

Plk1 binds to the peptide molecules phosphorylated (by priming kinases) at PBD recognition motif and consequently releases the KD for substrate phosphorylation [@pone.0070843-Elia1]. In order to gain a deep insight into the mechanism of substrate phosphorylation by Plk1, 13 selected phosphopeptides (SMARCAD1, ZNF791, GSG2, NUP35, NEK5, MARK1, HUS1B, SIK2, TOP3B, MARK4, CEP10, KIF23 and BRCA2) were subjected to molecular docking simulations to monitor Plk1-substrate interactions.

Initially, solo domains of Plk1 were docked against the PBD recognition and kinase phosphorylation motifs to understand the specificity towards the respective motif and resultant conformational adjustments. We observed convergence of predominant docking clusters of phosphopeptides (both known and novel) at the substrate binding pocket of Plk1 PBD. Similarly, phosphorylation motif was found to be well placed in the binding pocket of Plk1 KD which clearly demonstrated their binding affinities and specificities for Plk1 polo box and kinase domains, respectively ([Figure 5b--i and ii](#pone-0070843-g005){ref-type="fig"}). Previously, it has been reported that Trp414, Tyr485, His489, His538 and Lys540 residues located in the periphery of Plk1 PBD are involved in substrate recognition and binding activities [@pone.0070843-Elia1]. In our analysis, beside the contributions of these residues, Asp416, Leu490, Leu491 and Phe535 (located in the Plk1 binding pocket) were also observed in PBD association to phosphopeptides ([Figure 5c--iii and iv](#pone-0070843-g005){ref-type="fig"}). In contrast to PBD, Plk1 KD was observed to exhibit strong electrostatic interaction with the putative phosphorylation motif through Leu59, Gly63, Cys133, Arg135, Arg136, Ser137, Lys82, Lys86 and Phe183 residues ([Figures 5c--i and ii](#pone-0070843-g005){ref-type="fig"}).

![Plk1 protein architecture and substrates placing in the binding pockets of PBD and KD.\
(a) Schematic representation of Plk1 3D architecture: important residues lying at the KD and PBD (Polo Box domain involved in binding is highlighted by pink color); (b) Plk1 3D model, (i) KD, (ii) PBD with specific binding pocket (pink); selected Plk1 specific substrate candidates (putative novel and known) bind at the common position (with respect to motif signature) inside the binding pockets of KD and PBD. (c) Distinctive residues of Plk1 binding pocket and selected substrates; (i) KD anterior view and (ii) KD posterior view, (iii) PBD anterior view (iv) PBD posterior view.](pone.0070843.g005){#pone-0070843-g005}

Through molecular docking analysis, we observed binding of Plk1-PBD to KD through Trp414, Asp416, Tyr417, Asp419, Lys420, Try421, Tyr481, Arg483, Asn484, Tyr485, Ser487, Glu488, Tyr481, Leu490, Leu491 residues, while KD specific residues included Lys61, Lys66, Ser87, Leu88, Glu140, Arg136, Lys143, Thr214, Ans216, Lys178, Glu252, Thr253, Ser254 ([Figure 6](#pone-0070843-g006){ref-type="fig"} and [S1](#pone.0070843.s001){ref-type="supplementary-material"}). However, subsequent binding of phosphopeptide to PBD resulted in its conformational shift thereby releasing the KD to interact with the nearby phosphorylation motif of target protein ([Figure 7](#pone-0070843-g007){ref-type="fig"}). The observed interacting residues of Plk1-PBD (Trp414, Asn416, Tyr485, His489, Phe535, Lue491, Leu492, His538 and Lys540) and KD (Leu59, Gly63, Lys82, Lys86, Cys133, Arg135, Arg136, Ser137 and Phe183) with PBD recognition **(S-\[pS/pT\]-\[P/X\])** and the putative phosphorylation **(\[E/D\]X\[pS/pT\]\[I/L/V/M\]X\[E\])** motifs, respectively are specified in [Figure 8](#pone-0070843-g008){ref-type="fig"}. Based on the scoring functions obtained from the docked conformations ([Table 1](#pone-0070843-t001){ref-type="table"}), in majority of the Plk1 bound substrates, implications of His538 and Lys540 residues (PBD) were detected having strong hydrophilic interactions with the phosphate moiety of phosphopeptide. Thus our docked Plk1 complexes closely resemble the known phosphopeptide bound Plk1 crystal structures (IQ4K, 3P37, 3P2Z and 4E9D) in terms of their binding pattern. Next, to cross validate our results, KFC2 (<http://kfc.mitchell-lab.org>) and InterProSurf (<http://curie.utmb.edu/prosurf.html>) servers were used to analyze these docked complexes on the basis of solvent-accessible surface areas, complementarities and surface geometry.

![Characterization of inhibitory molecular interaction between PBD and KD of Plk1.\
Cyan blue meshy ribbon represents the KD with interacting residues in cyan stick form, while PBD is represented in pink meshy ribbon with interacting residues in pink stick. Hydrogen bonds are represented by black dotted lines with bond distances in angstrom.](pone.0070843.g006){#pone-0070843-g006}

![PBD regulated Plk1 kinase activation and substrate phosphorylation.\
(a) Hypothetical model for the activation of Plk1 proposed by Elia et al., 2003. PBDI and PBDII are shown in pink color, KD in sky blue and bound substrate by yellow balls. (b) Docking analysis data in support of Plk1 activation model. Polo box (pink ribbon) and kinase domains (sky blue ribbon) are tightly bound with each other in an inactive state (left), phosphopeptide (yellow ball and sticks) binding to PBD discharges the KD for phosphorylation (right).](pone.0070843.g007){#pone-0070843-g007}

![Binding mode and molecular interaction analyses of putative substrates.\
(I) localization of potential kinase phosphorylation and PBD recognition motif; (a) Plk1-SMARCAD1 complex, (b) Plk1-GSG2 complex, (c) Plk1-KIF23 complex and (d) Plk1-CEP170 complex. KD is shown in blue ribbon with interacting residues in pink sticks, while PBD is shown in pink ribbon and cyan sticks represent interacting residues. Substrate peptides are shown in yellow ball and stick mode and hydrogen bonding is shown by black dotted lines with calculated distances in angstrom.](pone.0070843.g008){#pone-0070843-g008}
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###### Multiple scoring functions of selected substrates with Plk1.

![](pone.0070843.t001){#pone-0070843-t001-1}

                  *Binding Energy (kcal/mol)*   *Intermolecular Energy (kcal/mol)*   *ElectrostaticEnergy kcal/mol)*   *vdW + Hbond + desolv Energ (kcal/mol*   *Total Internal Energy (kcal/mol)*   *Torsional Free Energy (kcal/mol)*   *Unbound System*\'*s Energy (kcal/mol)*   *Ref RMS(Å)*
  -------------- ----------------------------- ------------------------------------ --------------------------------- ---------------------------------------- ------------------------------------ ------------------------------------ ----------------------------------------- --------------
  **SMARCAD1**               −3.03                            −8.00                               −2.32                                −5.68                                  −4.60                                 7.76                                   −2.90                       99.15
  **NUP53**                  −4.75                            −8.68                               0.30                                 −8.98                                  −5.30                                 6.68                                   −2.39                       75.23
  **NEK5**                   −2.24                            −8.50                               −1.72                                −6.78                                   0.00                                 6.26                                   0.00                        20.83
  **GSG2**                   −2.80                            −7.68                               −1.77                                −5.91                                   0.00                                 6.68                                   0.00                        13.57
  **ZNF791**                 −0.93                            −8.09                               −0.94                                 −7.4                                   0.00                                 7.16                                   0.00                        58.63
  **MARK1**                  −1.11                            −8.27                               −1.44                                −6.83                                   0.00                                 7.16                                   0.00                        137.34
  **MARK4**                  −1.01                            −8.27                               −1.00                                −6.85                                   0.00                                 7.26                                   0.00                        60.78
  **HUS1B**                  −0.10                            −7.00                               −1.43                                −6.95                                   0.00                                 7.30                                   0.00                        65.56
  **SIK2**                   −2.00                            −7.89                               −1.56                                −7.34                                   0.00                                 6.92                                   0.00                        70.67
  **TOP3B**                  −0.00                            −6.68                               −1.04                                −5.21                                   0.00                                 6.23                                   0.00                        47.98
  **KIF23**                  −5.15                            −8.07                               −2.34                                −8.96                                   0.16                                 6.78                                   −2.03                       70.32
  **CEP170**                 −3.98                            −7.99                               −1.53                                −6.88                                   0.39                                 7.05                                   0.00                        56.76
  **BRCA2**                  −2.35                            −8.49                               −1.37                                −5.87                                   0.00                                 6.68                                   −2.01                       24.89

As binding of the phosphopeptide to PBD discharges the KD, PBD serves as an essential molecular mediator to regulate activation and substrate selectivity in time and space. In order to have a deep insight of the conformational switches, docked substrates were ranked on the basis of binding free energy values in parallel to their specificity and affinity assays for Plk1 domains. The accumulated evidence allowed us to establish MD simulation studies in order to track rapid changes in PBD during interaction. Consequently, complexes of four primed phosphorylated targets (SMARCAD1, GSG2, NEK5 and NUP35) with Plk1-PBD were further investigated by MD simulations to monitor their dynamic behavior and stability of interactions.

Molecular dynamics simulation analysis {#s3d}
--------------------------------------

The stability of secondary structure elements and conformational changes of simulated complexes were assessed by plotting root mean square deviation (RMSD), root mean square fluctuation (RMSF) and radius of gyration (Rg) values, obtained throughout the trajectory. Backbone RMSD scores observed over a period of 20 ns for GSG2, NEK5 and NUP35 substrates remained stable (2 Å) throughout simulation, however in case of SMARCAD1, RMSD behavior showed a marked increase during 3--4 ns time period, indicating a decrease in stability ([Figure 9a](#pone-0070843-g009){ref-type="fig"}). Radius of gyration (Rg) is a simple measure of stability and firmness of the system and tends to change over time due to protein folded-unfolded states [@pone.0070843-Ivankov1]. The calculated 2D plots for mean Rg for all the systems were consistent with RMSD profiles ([Figure 9b](#pone-0070843-g009){ref-type="fig"}). In agreement to RMSD data, Rg profile for SMARCAD1-Plk1 was elevated during 3--4 ns, indicating a conformational change due to unfolding. These data further validated the stability of kinase-substrate complexes during simulations. Subsequent analysis of root mean square fluctuation (RMSF) by residue indicated more fluctuations (up to 3 Å) in regions proximal to substrate binding residues (400--500 AA) ([Figure 9c](#pone-0070843-g009){ref-type="fig"}). These regions exhibiting significantly higher rate of fluctuations included Glu401-Lys420, Ser466-Ser471 and Ile497-Pro500. However, amino acids involved in substrate binding (Trp414, Tyr485, His489, His538, Lys540, Leu490 and Leu491) were stable and exhibited minor fluctuations (less than 1 Å) ([Figure 9d](#pone-0070843-g009){ref-type="fig"}).

![Plots to investigate the stability and fluctuation of MD trajectories for all systems.\
(a) RMSD plot computed through each system trajectory, (b) Rg plot, (c) RMSF plot (full protein), Plk1-NEK5 complex, (blue) Plk1-GSG2 complex (red), Plk1- SMARCAD1 complex (green), Plk1-NUP35 complex (black), (d) Significant Plk1 residues involved in substrates binding. Overall residues are stable with no more than 1Å fluctuation. Trp414, His538 and Lys540 are much stable in all systems.](pone.0070843.g009){#pone-0070843-g009}

Next, dynamics of individual simulated complexes were monitored by generating trajectories for 5 ns, 10 ns, 15 ns and 20 ns time intervals to investigate the time-dependent dynamics of individual amino acids for GSG2, NEK5, NUP35 and SMARCAD1 phosphopeptides and their interactions with Plk1. It was observed that these target peptides exhibited a quite stable binding pattern and shared several crucial residues located at the interface of PBDI and PBDII with varying binding affinities ([Figure S2](#pone.0070843.s002){ref-type="supplementary-material"}).

During MD simulations, significant conformational changes were observed in and around the active site of PBDs, influencing the substrate binding. The first change was observed in Glu488 and His489 residues, a helical region in apo-form; however, upon binding to SMARCAD1 and NUP35 phosphopeptides, the loop is moved up ([Figures S3b, S3c](#pone.0070843.s003){ref-type="supplementary-material"} and 10-I). This change in helix brought a significant conformational change in His489 residue, pointing towards the binding pocket to interact with substrate. Moreover, in case of GSG2, conformational change in His489 near the substrate binding region aided in interaction ([Figure S3a](#pone.0070843.s003){ref-type="supplementary-material"}), while in case of NEK5, the ring of His489 tilted away from the substrate, thus rendering this residue restrained and away from the substrate ([Figure S3d](#pone.0070843.s003){ref-type="supplementary-material"}). Second change induced by peptide binding was extension of two β-strands in the regions of Ile553-Glu555 and Lue435-Phe436 amino acids; however, these extensions did not influence any of the active site residues ([Figure 10](#pone-0070843-g010){ref-type="fig"}-III). Third structural change was observed in the region of Glu401-Lys420 in SMARCAD1, NEK5 and NUP35 specific peptide-binding. This region was variable in the apo-form; however, upon substrate binding, a small helix was formed containing three amino acid residues (Pro403-Cys405). In case of NEK5 binding, another helix was formed in the region of Val465-Ser467. In case of GSG2, β-strand was extended by three residues Arg516-Arg518. Moreover, significant changes were observed in the linker region ([Figure 10](#pone-0070843-g010){ref-type="fig"}-IV) for all the complexes. These structural changes observed during our analyses in four PBD-phosphopeptide systems clearly depicted specificity of Plk1-PBD binding ([Figure 10](#pone-0070843-g010){ref-type="fig"}-II) by allowing flexibility of key residues involved in substrate recognition and localization at the binding pocket. As a result of alteration in Plk1-PBD upon substrate binding, conformational shift may allow Plk1-KD to become free and interact with putative phosphorylation motif of PBD-bound substrate.

![Conformational switches of Plk1 structure upon substrate binding.\
NEK5 (white), NUP35 (pink), GSG2 (blue) and SMARCAD1 (yellow). (I) Helical region is variable in NEK5, NUP35 and SMARCAD1. (II) Specific binding orientation of active site residues in different complexes. (III) Extension of β-strand at two regions, Ile553-Glu555 in Nup53, GSG2 and SMARCAD1 complexes and Leu435-Phe436 in NEK5, NUP35 complexes. (IV) Changes at linker region between two PBD domains of Plk1. (V) Three residues (Phe516-Arg518) extension of β strand in GSG2 complex.](pone.0070843.g010){#pone-0070843-g010}

Discussion {#s4}
==========

Biology of cell-cycle is a powerful area of study with a frequently increasing players and complex regulatory network. Coordinated control of phosphorylation has been extensively considered for tight regulation of cell-cycle. Like many other kinases, Plk1 is a major propeller of cell cycle working beyond the mitosis [@pone.0070843-Liu2] from DNA replication to cytokinesis [@pone.0070843-Song1]. Here we employed amalgamation of strategies to determine Plk1 specific targets involved in cell-cycle and multiple carcinomas, as mapping and chemical modifications of targets in terms of their involvements in precise cell-cycle phase remains very important to address their unique roles in distinct subcellular events.

To date, more than 70 Plk1 substrates have been identified ([Table S1](#pone.0070843.s006){ref-type="supplementary-material"}) encompassing bulk of spindle proteins; however, identified targets are not enough to broadly explicate the complex job of Plk1 ahead of mitosis. More recently, an extensive assay of Plk1 dependent spindle proteome performed by [@pone.0070843-Santamaria1] provided a better ranking of our hits and validated our criteria for the efficient prediction of Plk1 targets ([Figure S4](#pone.0070843.s004){ref-type="supplementary-material"}). Our identified list of novel Plk1 targets encompasses several proteins implicated in microtubule cytoskeleton organization, spindle dynamics, nuclear division, DNA damage response, DNA repair molecules, chromatin modification, transcription factors and cell cycle regulatory proteins. Subsequent clustering of potential substrates urged the synchronized regulation of Plk1-based targets for particular functions. Notably, more than 40% of potential Plk1-dependent phosphorylation targets identified in our screen were linked to G2/M-phase ([Figure 3](#pone-0070843-g003){ref-type="fig"}), concerning with the elevated expression of Plk1 during this phase [@pone.0070843-Rizkallah1]. Owing to the Plk1 functions in localization and fine tuning of several checkpoint components [@pone.0070843-Liu2], 10% of our identified targets were localized at the cell-cycle checkpoints. The usefulness of identified hits, grouped on the basis of common functional criteria can be inferred by many examples. For example, E3 ubiquitin-protein ligases (RNF220 and RNF19A) which are involved in controlling the cleavage furrow formation during cytokinesis [@pone.0070843-Brennan1] were predicted as potential Plk1 targets in this study. Similarly, the known Plk1 substrates (CEP170 and KIF23) which contribute in the formation of spindle midzone during cytokinesis [@pone.0070843-Guarguaglini1] were also identified during our screening process. Together, the proposed cytokinesis sub-network ([Figure 3](#pone-0070843-g003){ref-type="fig"}) substantiates the role of Plk1 in spatiotemporal regulation of cytokinesis to determine the accurate cleavage plane.

Previously, Plk1 has been reported to collaborate with Aurora A kinase [@pone.0070843-Macurek1] as both are activated during G2-M transition and exhibit specific and overlapping functions by sharing multiple substrate candidates [@pone.0070843-Archambault2] ([Figure S5](#pone.0070843.s005){ref-type="supplementary-material"}). In our screening data, we also observed several common phosphorylation targets (e.g. HDAC6, BRCA1, member of CEP family, PRKC etc.) of these kinases which conferred their cooperative role in co-regulation and control of key mitotic events. Among the mutual targets, HDAC6 and PRKC meet our stringent filtering criteria set.

Despite the well-defined role of Plk1 in cell-cycle progression, it also acts during DNA synthesis and maintenance of genome stability in DNA replication [@pone.0070843-Yim1]. Analyzing hits in terms of DNA related functions revealed CHD4 (chromodomain helicase DNA binding protein 4), POLQ (polymerase (DNA directed), theta), TOP3B (topoisomerase (DNA) III beta) and SMARCAD1 (SWI/SNF-related, matrix-associated actin-dependent regulator of chromatin) as potential Plk1 targets which contain consensus PBD binding and phosphorylation signature ([Table S1D](#pone.0070843.s006){ref-type="supplementary-material"}). These hits signified a novel link of Plk1 in chromatin remodeling; although, their precise mode of action and intricate functional implications remain to be investigated. Another unique hit identified during our screening process was NEK5 (NIMA (never in mitosis gene a)-related kinase 5) which potentiates the role of Plk1 in regulating NIMA-like pathway through cell-cycle dependent manner. NEK5 forms a heterodimer with NEK4 and NEK6 and assists these NEKs in regulating cellular expansion and morphogenesis [@pone.0070843-Motose1]. NEK5 is strongly regulated during cell-cycle and exhibits analogous function to CDC2 (Cyclin-Dependent Kinase) [@pone.0070843-Higgins1]. More interestingly, in our screen, GSG2 (Germ cell-specific gene 2) was identified as a novel phosphorylation target of Plk1. Having strong expression in testis [@pone.0070843-Lu1] and function in spermatogenesis [@pone.0070843-Wykes1], GSG2 potentiates additional function of Plk1 in the post-meiotic spermatogenesis. Plk1 has also been reported to regulate members of NPC components including nucleoporins (NUPs) during kinetochore localization [@pone.0070843-Santamaria1]. In this study, we identified NUP35, NUP88 and NUP205 as putative Plk1 substrates thereby suggesting the novel regulatory role of NUPs in cell division. Moreover, our data set holds several Zinc finger proteins (zinc finger protein 791 (ZNF791) and pogo transposable element with ZNF domain (POGZ) whose phosphorylation seems to rely on Plk1 binding ([Table S1C and D](#pone.0070843.s006){ref-type="supplementary-material"}). Collectively, the comprehensive assessment of candidate substrates in precise biological context and understanding of critical regulatory mechanisms linked to each target in cell-cycle dependent manner is obligatory to substantiate whether these identified targets are bona fide substrates of Plk1.

To substantiate our screening results, we selected a few putative targets (known and novel) from each sub network and subjected to structure-based assortment through monitoring PBD mediated interactions and subsequent kinase activation processes. An extensive investigation of the dynamic behavior of four potential substrate peptides (SMARCAD1, GSG2, NEK5 and NUP35) with Plk1 PBD provided a strong indication of substrate specificity. Intriguingly, the key residues (Trp414, Tyr485, His489, His538, Lys540, Leu490 and Leu491) underlying the substrate interactions in our analyses were quite consistent with the earlier studies [@pone.0070843-Elia1], while the contributions of Asp416, Tyr485, His489 and Phe535 residues implicated in phosphopeptide binding were varying with respect to the individual substrate, which conferred additional insight into PBD binding specificity by changing the binding pocket dynamics. Strikingly, the influence of two basic residues His538 and Lys540 in substrate binding was quite dominating and stable during the MD simulations. Previously, this role of His538 and Lys540 amino acids in phosphopeptide binding has been supported by mutation of these residues into Ala, which resulted in a complete loss of binding [@pone.0070843-Elia1].

As phospho-dependent ligand recognition by PBD is vital for targeting of Plk1 to specific substrate (processive phosphorylation), it is obvious that diverse conformational changes induced in PBD upon primed phosphopeptide binding facilitate the recruitment of Plk1 KD to the substrate and allow its phosphorylation at the specified motif **(\[E/D\]X\[pS/pT\]\[I/L/V/M\]X\[E\])** by relieving the intramolecular inhibitory action ([Figure 7](#pone-0070843-g007){ref-type="fig"}). Evidently, it has been well established that Plk1 specific KD and PBD exhibit intramolecular interaction to inhibit the activity of Plk1 and subsequent T-loop phosphorylation at Thr210 results in relieve of this inhibition [@pone.0070843-Jang1], [@pone.0070843-Jang2], [@pone.0070843-Lowery2], [@pone.0070843-Seki1]. Park et al. in 2010 [@pone.0070843-Park1] proposed the association between KD and PBD1 to regulate the function of kinase activity. In our assays, we observed dimerization of PBD and KD through interfacial interaction of PBD1 and KD mimicking the mutual inhibition. However, this intramolecular binding was impaired upon PBD contact with phosphopeptide. This conclusion is further supported by the earlier studies where conformational change in the active Plk1 upon phosphopeptide binding disrupted the contact of PBD and KD to stimulate kinase activity [@pone.0070843-Jang1]. Thus based on these observations, it is concluded that PBD-dependent binding to phosphopeptide and T-loop phosphorylation may cooperatively impair the physical interaction of KD and PBD1 to induce kinase activity. It is possible that in KD, phosphorylation of T-loop specific residues may be regulated through a coordinated interaction with PBD. In agreement to our hypothesis, Thr214 of T-loop which is a known phosphorylation target [@pone.0070843-Dulla1] was identified to make hydrogen bond with Glu488 of PBD. Similarly, in the activation loop of KD, Pro215 and Asn216 residues lying very closely to the phosphorylated Thr210 and Thr214 were also implicated in PBD interactions ([Figure 6](#pone-0070843-g006){ref-type="fig"}). Indeed, in our study, the pronounced PBD binding and phosphorylation signature of priming kinases in the identified hits ([Table 1](#pone-0070843-t001){ref-type="table"}) signified their authenticity which is in harmony with the Plk1 directed substrate modification model proposed by Elia et al., 2003 and processive phosphorylation model of Lowery *et al*., 2005, we cannot exclude the possibility of substrate binding to KD without the involvement of priming phosphorylation. Determination of crystal structure of KD bound to PBD and further studies may delineate the diversity of phosphopriming dependent and independent interactions of Plk1 targets.

Collectively, our study reveals several novel functions of Plk1 related to cellular process by extending the inventories of phosphorylation-dependent substrates and data may serve as a valuable resource in the field. Together, exploitation of the novel Plk1 mediated functions specified in this study may open new avenue for cancer therapeutics.

Conclusion {#s5}
==========

There have been very few attempts to delineate the potential role of Plk1 in cell-cycle and cancer. Due to an ensemble of interconnecting functions of Plk1 in cell-cycle process and various carcinomas, the urge to describe intricate detail of novel PBD binding targets in conjunction with kinase association is overwhelming. By applying a range of bioinformatics tools and a stringent set of filters, we reliably predicted the cognate partners of Plk1, partly based on the consensus motif information for kinase binding and a common feature of PBD binding. More sophisticated assays revealed the essential residues of PBD, which contributed in substrate binding and allowed it to change the conformation of adjacent KD for phosphorylation. The fact that phosphorylation events deregulate the cell-cycle process during tumorigenesis makes polo-like kinases as key targets for anticancer drugs. Thus, identification of putative Plk1-dependent novel substrates in context to cancer and cell-cycle process will unravel the underlying molecular mechanisms and may prove significant for the assessment of multi-targeted drug candidates.

Supporting Information {#s6}
======================

###### 

**Molecular interactions between wild type polo box and kinase domains.** PBD (brown) and KD (pink) are tightly bound with each other through hydrogen bonding shown by green dotted lines and hydrophobic interaction represented by comb like structure.

(TIF)

###### 

Click here for additional data file.

###### 

**Simulated complexes at different time scale.** Binding mode and molecular interactions of four simulated complexes including (a) SMARCAD, (b) GSG2, (c) NEK5, and (d) NUP35 at 5 ns, 10 ns, 15 ns and 20 ns, respectively. All systems exhibit binding stability at the indicated time intervals.

(TIF)

###### 

Click here for additional data file.

###### 

**Structural changes observed at the active site of Plk1 for individual system.** (a) GSG2, (b) SMARCAD1, (c) NUP35 and (d) NEK5 complexes. Interacting amino acid residues of Plk1 apoform (light gold) and complex (cyan) are shown in sticks, while bound substrate molecules are shown in pink sticks in all systems. Hydrogen bonds are not shown for clarity.

(TIF)

###### 

Click here for additional data file.

###### 

**Comparative analysis of our data with the reported mass spectrometry data.** Red nodes represent Plk1 substrates specific to each network (present study and Santamaria *et al*., 2010) while overlapping nodes are shown in cyan color.

(TIF)

###### 

Click here for additional data file.

###### 

**Plk1 and Aurora kinase A interactome.** Green node in each network (Plk1 and AURKA) represents interacting partners. Selectable relationship between the target and its interacting partners are shown by lines which are as follow: red lines (down-regulation); green (up-regulation); gray (regulation), purple (co-expression); blue (chemical modification); yellow (physical interaction) and cyan dotted line (predicted protein interactions).

(TIF)

###### 

Click here for additional data file.

###### 

**Frequency of Plk1 phosphorylation motif.** **(Table S1-A)** enlists 906 candidates having 80% identity with the Plk1 **\[E/D\]X\[pS/pT\]\[I/L/V/M\]X\[E\]** consensus motif: **(Table S1-B)** enlists proteins clustered on the basis of their involvements in common biological processes, molecular functions and cellular component localization by GO term. Subsequently, statistical significance of hit-rate was computed as the probability *P* to observe the by chance occurrence of each cluster. **([Table S1-C](#pone.0070843.s006){ref-type="supplementary-material"})** enlists 48.7% of the shot listed hits containing PBD binding capabilities on the basis of presence of Plk1 PBD recognition consensus motif \[**S-(pT/pS)-(P/X)\]**. **(Table S1-D)** enlists final 70 putative Plk1 phosphorylation targets (known and novel) which fulfill the stringent filtering criteria. Known Plk1 targets are highlighted in pink and novel hits are in black font color.

(XLSX)

###### 

Click here for additional data file.

###### 

**3D model validation scores of Plk1-KD Plk1 and its substrates.**

(DOCX)

###### 

Click here for additional data file.
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